Recent data suggest that nonlinear GFR trajectories are common among patients with CKD, but the modifiable risk factors underlying these changes in CKD progression rate are unknown. Analyses relating baseline risk factors to subsequent GFR decline are suboptimal because these relationships often attenuate as follow-up time increases and these analyses do not account for temporal changes in risk factors. We identified 74 participants in the African American Study of Kidney Disease and Hypertension who had both a period of rapid GFR decline and an extended period of stability during a follow-up period of $12 years. We performed a within-patient comparison of time-varying risk factors measured during the periods of GFR decline and stability and identified several risk factors associated with faster GFR decline: more hospitalization episodes and hospitalization days per year; higher BP, serum phosphorus, and urine protein-to-creatinine ratio; lower serum albumin and urine sodium-to-potassium ratio; slower rate of decline of serum urea nitrogen, serum creatinine, serum uric acid, and serum phosphorus; and faster rate of decline of serum hematocrit and serum bicarbonate. By allowing each patient to serve as his or her own control, this novel, within-patient analytic approach holds considerable promise as a means to identify time-varying risk factors associated with stabilization of GFR or acceleration of GFR decline.
Anecdotal observations of nephrologists have long suggested that the rate of GFR decline can be punctuated by episodes of rapid decline as well as periods of stability. However, until recently, most statistical analyses of GFR decline have relied on the assumption of linear rates of decline. 1, 2 This analytic approach is used in part because of its simplicity and in part because the relatively brief follow-up times of most longitudinal studies of patients with CKD limited the ability to detect deviations from linearity. Recent analyses of CKD cohorts with extended duration of follow-up have provided rigorous statistical confirmation that nonlinear trajectories are in fact commonplace. 1, 2 Using Bayesian analysis, we established that over a median follow-up of 9 years, 42% of the participants from the African American Study of Kidney Disease (AASK) had a $0.9 probability of having a nonlinear trajectory or a prolonged period of nonprogression. 1 The development of rigorous methods for identifying nonlinear trajectories provides intriguing new possibilities for epidemiologic investigation of the relationships between CKD progression and potential risk factors. In particular, if specific periods of stable GFR and rapidly declining GFR can be identified, then it would be possible to investigate which factors changed over time that may have led to changes in the rate of CKD progression. In this approach, risk factors would be compared between periods of rapidly declining GFR and periods of stable GFR in the same patients. Although observational in nature, such a within-patient approach would overcome three fundamental problems that hamper the current standard epidemiologic approaches in CKD cohort studies in which baseline (i.e., time-invariant) risk factors are related to subsequent CKD progression. First, by relating the rate of progression in specific periods to measurements of risk factors in those same periods, the within-patient approach avoids the drawback seen with use of baseline risk factors: that the relationship between GFR decline and the baseline risk factors often attenuates as follow-up time increases. Second, by limiting assessment of the risk factor to a single measurement at baseline, the standard approach is unable to account for changes in risk factors occurring during the study that may lead to changes in rates of progression. Third, by comparing risk factors between periods of rapid progression and stable GFR in the same patients, each patient is used as his or her own control; thus, we can eliminate the effects of patient-specific confounders, both measured and unmeasured, that are often present in the standard cohort design when progression rates are related to risk factors across different patients with different characteristics.
In this study we use a novel within-patient crossover design and analytic approach to study time-varying risk factors of CKD progression. We previously identified 74 AASK participants whose estimated GFR (eGFR) trajectories had both a period of rapid decline and an extended period of stability, according to conservative prespecified criteria. 1 Using data from these participants, we compared time-varying risk factors measured during the decline and stable periods within each participant to identify potentially-modifiable risk factors associated with GFR decline. Table 1 summarizes the baseline characteristics of the 74 AASK participants in this analysis, which includes 45 participants who had the stable period first (stable/decline) and 29 who had the decline period first (decline/stable). For the stable/decline group, the median eGFRs (interquartile range) for the stable and the decline periods were 53. 6 , respectively. Median duration, including all 74 participants, was 32 months for the decline periods and 50 months for the stable periods. Of note, the earlier period always had a higher mean eGFR, regardless of whether it was a stable or decline period, because the overall trend in this cohort was that the eGFR declined over time. Figure 1 illustrates the nonlinear eGFR trajectories for six individuals in our analysis.
RESULTS

Hospitalizations
Participants experienced more hospitalization episodes per year (0.25 versus 0.12; P=0.01) and higher total days of hospitalization per year (1.8 versus 0.6; P=0.03) during the decline period than the stable period; results remained similar after adjustment for early/late period and mean eGFR during these periods ( Table 2 ). The adjusted odds ratio of having a hospitalization was 0.7 (95% confidence interval, 0.3 to 1.5; P=0.3) for the stable versus decline comparison ( Table 2 ). This nonsignificant result may be partly due to lower statistical power with the binary outcome variable.
Because the sample size was small, we did not have enough statistical power for formal comparisons of specific hospitalization diagnoses. However, Supplemental Table A1 shows a trend toward more hospitalizations for cardiovascular (19 compared with 12) , surgery (16 compared with 2), and cancer (6 compared with 2) diagnoses during the decline periods compared with the stable periods.
Medication
Self-reported medication use was generally similar between the stable and decline periods, with no significant differences in use of angiotensin-converting enzyme inhibitors or angiotensinreceptor blockers, lipid-lowering medications, nonsteroid anti-inflammatory drugs, uric acid-lowering medications, or other BP medications (Supplemental Table A2 ).
BP
After adjustment for early/late period and mean eGFR of each period, systolic BP was on average 3.8 mmHg higher during the decline period than during the stable period (P=0.02). Likewise, diastolic BP was 1.6 mmHg (P=0.06) higher, and mean arterial BP was 2.3 mmHg (P=0.03) higher during the decline period compared with the stable period ( Table 3) .
Biomarkers
Mean levels of serum phosphorus, urine protein, and urine protein-to-creatinine ratio were higher, and mean levels of albumin and urine sodium-to-potassium ratio were lower in the decline periods than the stable periods, after adjustment for early/late period and mean eGFR of each period (Table 4) .
In addition to studying the relationship of GFR decline rate with the mean level of a biomarker, we also considered its relationship with the rate of change of the biomarker, which was quantified by the least-squares slope of the biomarker within each stable or decline period. Mean slopes of serum urea nitrogen, serum creatinine, serum uric acid, and serum phosphorus were higher, and mean slopes of serum hematocrit and bicarbonate were lower in the decline periods than the stable periods, after adjustment for early/late period and mean eGFR of each period ( Table 5 ). Note that a higher slope (more positive or less negative) generally indicates faster rate of increase or slower rate of decline of a biomarker, while a lower slope (more negative or less positive) generally indicates slower rate of increase or faster rate of decline.
DISCUSSION
In this study comparing periods of stable GFR with periods of declining GFR in 74 individuals with hypertensive kidney disease, we illustrated how a novel, within-patient crossover design can be used to identify time-varying risk factors for GFR decline. This approach has many advantages. First, the design is conceptually simple and the analytic approach is intuitive and easy to interpret. Second, the selected subset of AASK participants, with clear-cut stable and decline periods, was most informative for the investigation of the association of contemporaneously measured time-varying risk factors with changes in the rate of GFR decline. Third, this design removes the confounding effects of all time-invariant (e.g., baseline) risk factors, regardless of whether they are measured or unmeasured, because the stable and decline periods of each patient share the same time-invariant risk factors. Fourth, because risk factors are measured concurrently with eGFR in this design, there may be increased power to detect time-varying risk factors associated with periods of GFR decline compared with studies that use baseline risk factors, where the relationships between risk factors and the outcome attenuate over time. Fifth, our analytic approach can be used to study the association between CKD progression and both the level (Table 4 ) and rate (Table 5) of change in each time-varying risk factor.
This latter approach using data on rates of changes in biomarkers and other risk factors could help improve our understanding of CKD progression because risk factors often change over time as GFR declines. Moreover, this type of dynamic data may become increasingly available for clinicians and researchers alike with the widespread adoption of electronic medical records. Using this method, we identified serum phosphorus, bicarbonate, and uric acid as potentially modifiable risk factors, although we cannot prove causality. Most, [3] [4] [5] but not all, 6 traditional observational studies examining baseline risk factors have found that higher serum phosphorus levels are associated with rapid GFR decline and ESRD. Other researchers have also found an association between lower serum bicarbonate and CKD progression, 7, 8 and small, randomized trials have found that bicarbonate supplementation slows the rate of CKD progression. 9, 10 Some have suggested a pathogenic role of hyperuricemia in hypertension and renal injury, 11, 12 although hyperuricemia has been associated with cardiovascular events and mortality, but not rapid renal progression or ESRD. 13, 14 Several studies have found an association between episodes of AKI and risk of rapid GFR decline and ESRD. 2, 15, 16 In our study, we found that the number of hospital episodes and hospitalization days per year were significantly greater in the decline periods than the stable periods. We did not have information beyond International Classification of Diseases, Ninth Revision, codes for primary and secondary diagnoses, so we cannot ascertain whether episodes of AKI occurred during these hospitalizations. Because AKI often occurs in the setting of cardiovascular, cancer, and surgery hospitalizations, 17,18 we speculate that episodes of AKI may have occurred, explaining the trend toward more hospitalizations for these diagnoses during periods of decline. However, it is also possible that the decline periods may simply represent worsening overall health, resulting in more hospitalizations.
Although this study design has many advantages, we still are unable to prove that these associations are causal in nature. For instance, mean slope of hematocrit was lower in the decline period than the stable period, a finding consistent with those of other showing that lower hemoglobin levels are associated with progression to ESRD. 19, 20 However, randomized controlled trials treating anemia with erythropoietin-stimulating agents For the first binary metric, the difference is expressed as odds ratio (OR) with 95% confidence intervals. For the other two continuous metrics, the differences are expressed as the mean differences with estimated SEMs.
have resulted in no difference in CKD progression, while one small study found no effect of iron supplementation on CKD progression. 21, 22 Other studies have suggested potential renal risks with targeting higher hemoglobin goals with erythropoietin-stimulating agents. 23, 24 Biomarkers, BP, and overall health may simply worsen as kidney function declines, so that difference in the rates of eGFR decline between the decline and stable periods may have influenced the studied time-varying risk factors rather than the converse. Creatinine-based eGFR does not account for some of the observed differences in biomarkers may reflect differences in kidney function. Our design and analytic approach have some limitations. First, the design restricts the analysis to a subset of the AASK participants who had both a period of rapidly declining GFR and a period of stable GFR according to conservative prespecified criteria. The use of a focused subset of the full cohort is common to a variety of designs that are widely used in epidemiologic research, including matched case-control and case-crossover designs. The rationale for these designs is to facilitate robust The numbers in the parentheses are the range of BP or the SEM of the unadjusted or adjusted mean differences. The unadjusted or adjusted mean differences are expressed as the estimator (SEM).
analyses that minimize confounding and other forms of bias while focusing on the topics that are most informative for the research question under consideration. Although used in other lines of epidemiologic research, the case-crossover study design has not previously been used to examine risk factors for accelerated CKD progression. Second, we have considered time-varying risk factors one at a time and have not investigated the joint dependence of GFR decline on multiple risk factors. Future work is warranted to develop multivariable time-varying risk factor models that use multiple time-varying exposures. Third, although our design eliminates confounding from all time-invariant risk factors, both measured and unmeasured, there could still be residual confounding from other timevarying risk factors. However, because we incorporated covariate adjustment for the temporal ordering of the stable and decline periods, as well as the mean eGFR levels during the respective periods, our adjusted comparisons are unlikely to have been affected by confounding associated with time or the level of eGFR itself. In summary, this novel, within-patient analytic approach holds considerable promise as a means to identify time-varying risk factors associated with stabilization of GFR or acceleration of GFR decline. Our analyses identified several modifiable factors (serum uric acid, serum phosphorus, and serum bicarbonate) that could be therapeutic targets in clinical trials.
CONCISE METHODS
Study Population
AASK was a multicenter, randomized clinical trial of 1094 African American patients aged 18-70 years with a baseline GFR between 20 and 65 ml/min per 1.73 m 2 . 25 The participants were randomly assigned in a 332 factorial design to one of three antihypertensive drug regimens (ramipril, amlodipine, or metoprolol) and two levels of BP control (mean arterial pressure#92 mmHg or 102-107 mmHg). At the completion of the trial, 787 participants were alive and not undergoing dialysis; of these, 691 were enrolled in the subsequent AASK Cohort Study. 25 The maximum follow-up of both trial and cohort phases was 12 years. Serum creatinine was measured twice at baseline, less than 3 months apart, and at follow-up months 3 and 6, and then every 6 months for the rest of the follow-up. Previously, 1 we analyzed the combined trial and cohort phase data from 846 AASK participants with at least 3 years of follow-up and at least eight visits in which GFR could be estimated from serum creatinine measurements using the AASK equation 26 : Bayesian penalized splines were used to estimate the eGFR trajectory of each patient as a smooth curve, removing much of the noise, short-term variation, and measurement error in the eGFR and revealing the overall trend over time.
Definitions of Stable and Decline Periods
Using the eGFR trajectories, we defined a period of stable GFR to be a period of time that satisfied the following three conditions: (1) the period was at least 3 years; (2) the trajectory increased or declined slowly (i.e., at a rate of ,2 ml/min per 1.73 m 2 per year throughout);
and (3) the total decrease in eGFR, if any, was no more than 4.5 ml/ min per 1.73 m 2 . We defined a period of rapidly declining GFR to be a period of time that satisfied the following two conditions: (1) the trajectory decreased at a rate of at least 4 ml/min per 1.73 m 2 per year during the entire period; and (2) the total decline was at least 8 ml/min per 1.73 m 2 . It was found that 74 AASK participants had both a stable period and a decline period (1) . Of the 74 patients, the stable period preceded the decline period in 45 participants, and the decline period preceded the stable period in 29 participants. The mean (minimum, maximum) length of the stable periods was 52 (36, 93) months, and that of the decline periods was 36 (13, 79) months.
The Within-Patient Crossover Design
We used data from these 74 participants with both stable and decline periods to determine whether time-varying risk factors were associated with eGFR decline. Essentially, a difference in a time-varying risk factor between the stable and decline periods implies that this timevarying risk factor may be associated with GFR decline. This approach allows us to study a large number of time-varying risk factors that are associated with GFR decline or stabilization without complicated modeling assumptions.
Statistical Analyses
We considered four classes of time-dependent risk factors for their association with the eGFR decline: hospitalizations, medications, BP levels, and biomarkers. Below we define clinically relevant metrics for each class.
Hospitalization
We used three metrics to quantify hospitalizations: (1) the percentage of patients with at least one hospitalization episode; (2) the number of hospitalization episodes per year; and (3) the total days of hospitalization per year. The primary and secondary International Classification of Diseases, Ninth Revision, codes of hospitalization were summarized and compared between the stable and decline periods by frequency tables.
Medication
The current medications taken by the patient were recorded at each follow-up visit. We made the simplifying assumption that if a patient was receiving a certain medication at a particular visit, this patient had been receiving that medication between that visit and the preceding visit. The proportion of time that a patient was receiving a certain medication was calculated for each patient's stable and decline periods and was used as a metric to quantify medication use.
BP
We calculated the mean BP (arterial, systolic, diastolic) within each patient's stable and decline periods.
Biomarkers
We used two different metrics to characterize the levels and the average rates of change of biomarkers during the stable and decline periods. First, we calculated the mean biomarker value for each patient's stable and decline periods. Second, we computed the least-squares slopes of separate linear regressions of the biomarker values versus time within each patient's stable and decline periods. The general analytic strategy was to calculate the change in the aforementioned metrics of the time-varying risk factors between the stable and decline periods within the same patient and average the results across all 74 patients. The later period generally had lower eGFR than the earlier period, and on average the decline periods also had lower mean eGFR than the stable periods. Hence, we provide results both with and without adjusting for temporal confounding and for confounding by the level of GFR by including as covariates an indicator of early/late period and the mean eGFR level of each period. Timevarying risk factors exhibiting statistically significant differences between the stable and decline periods in the adjusted analysis were identified as being associated with GFR decline or stabilization, independent of the temporal ordering of the periods or the level of eGFR. We interpreted our analyses as representing the discovery phase of risk factor identification, and thus performed all hypothesis tests on a comparison-wise basis using a two-sided a=0.05, without adjustment for multiple comparisons. Details on the statistical models can be found in the Supplemental Materials.
